We used a binocular rivalry stimulus with one half-image having a vertical grating disk surrounded by horizontal grating, and the other half-image having a horizontal grating disk with a variable spatial phase relative to the surrounding horizontal grating. We found that increasing the phase-shift of the horizontal grating disk, which strengthens the boundary contour, progressively increases its predominance. But the predominance is little affected when a constant gray ring (boundary contour) is added onto the rim of the incrementally phase-shifted horizontal grating. This suggests the influence of boundary contour supersede that of the center-surround-interaction caused by the phase-shift.
Introduction
Three dimensional (3-D) objects and surfaces are perceived singly in the normal viewing environment, even though the visual system receives disparate images from the two eyes. The underlying binocular process involves either the selection of one pair of matched images from the two eyes among many possible matched pairs, or of an unmatched retinal image. The unselected images are not perceived, presumably due to suppression by the interocular inhibitory mechanism. Much of our knowledge of the interocular inhibitory mechanism comes from studies of the binocular rivalry phenomenon, which is a perceptual manifestation of interocular inhibition. One can experience binocular rivalry by free fusing the two half-images in Fig. 1a , a typical binocular rivalry stimulus frequently used in the laboratory. It gives rise to the experience of frequent alternation between the perception of the vertical and horizontal gratings rather than a stable percept of the two combined gratings. It is assumed that when one half-image (e.g., vertical grating) is perceived, the representation of the other half-image (horizontal grating) is momentarily suppressed by the interocular inhibitory mechanism. By measuring how binocular rivalry perception (the duration and frequency of each percept) varies with image properties of the binocular rivalry stimuli, we can gain insights into the loci and operations of the interocular inhibitory mechanism (Blake, 1989; Fox, 1991; Julesz, 1971) . For example, the fact that the gratings in the two half-images with orthogonal orientations can induce binocular rivalry suggests to us that the interocular inhibitory mechanism operates at the level of the primary visual cortex (V1) and beyond, where neurons are selective for orientation of bars and edges.
Several lines of behavioral, brain imaging and neurophysiological studies suggest that binocular rivalry is mediated by a distributed neural cortical network that includes the primary visual cortex (V1), extrastriate cortices, temporal cortex, etc. (e.g., Blake & Logothetis, 2002; Lee & Blake, 2004; Leopold & Logothetis, 1996; Nguyen, Freeman, & Alais, 2003; Ooi & He, 1999 , 2003a Papathomas, Kovacs, & Conway, 2005; Suzuki & Grabowecky, 2002 . First, various psychophysical studies have shown that there need to be conflicting local features (orthogonal orientation, opposite local motion, luminance contrast polarity, etc.) at corresponding retinal areas to induce binocular rivalry. Since most V1 monocular neurons carry both local feature information and the eye-of-origin information, it is reasonable to propose that V1 plays a critical role in initiating the interocular inhibition that causes binocular suppression (Blake, 1989; Carlson & He, 2004; Ooi & He, 1999; Shimojo & Nakayama, 1990) . Second, there are indications that cortical areas beyond V1 play a role in binocular rivalry. It has been found that image properties mediated by the extrastriate cortices such as illusory contours, occlusion, surface representation, perceptual grouping, etc., influence binocular rivalry (e.g., Alais & Blake, 1999; Kovacs, Papathomas, Yang, & Feher, 1996; Ooi & He, 2003a Shimojo & Nakayama, 1990; Sobel & Blake, 2002; Su, He, & Ooi, 2009; van Bogaert, Ooi, & He, 2008; van der Zwan & Wenderoth, 1994) . Given that one of the main functions of the extrastriate cortices is to represent surfaces and boundary contours (Albright & Stoner, 2002; Bakin, Nakayama, & Gilbert, 2000; Bouvier, Cardinal, & Engel, 2008; Fang, Boyaci, & Kersten, 2009; Qiu & von der Heydt, 2005 Sugita, 1999; von der Heydt, Peterhans, & Baumgartner, 1984; von The BBC condition has five subsets of displays with different phase-shifts. , and the psychological observations that surface image properties affect binocular rivalry, we suggest that the interocular inhibitory mechanism in binocular rivalry is also involved in the process of representing stereoscopic surfaces, an insight gained from an observation by Shimojo and Nakayama (1990; see below) . Thus, it is likely that while the conflicting local features of the binocular rivalry stimulus trigger interocular inhibition in V1, the local outputs of V1 are selectively integrated at the subsequent extrastriate cortices to form a global surface representation, which corresponds to the global dominant percept. Shimojo and Nakayama (1990) first recognized that the realworld occlusion constraint is involved in representing a binocular rivalry stimulus (dissimilar half-images) with overlapping surfaces (occlusion) in depth, in which the occluded surfaces are seen by different eyes (half-occlusion). A consequence of half-occlusion is that corresponding retinal areas in the two eyes receive different surface images. Shimojo and Nakayama showed that this leads to the interocular inhibitory mechanism selecting the occlusion valid image for representation. Our studies have extended this observation (Ooi & He, 2003b van Bogaert et al., 2008) and led us to propose a more generalized role for the interocular inhibitory mechanism in representing binocular surfaces.
Along this line of thinking, we elaborated on the possible link between the typical binocular rivalry stimulus and the 3-D viewing condition (Ooi & He, 2005 . Fig. 2a illustrates an observer viewing two background surfaces with dissimilar features (grating orientation) through an aperture. With fixation at the center of the aperture, the dissimilar images seen through the aperture (two grating disks) are projected to the corresponding retinal areas in the two eyes. This scenario is equivalent to the stimulation with a typical binocular rivalry display in the laboratory (Fig. 1a) . To represent the 3-D scene in Fig. 2a , the visual system presumably has to rely on the surface boundary contour of the aperture to delineate the surface layout of the aperture, and then fill-in the surface texture within it. This being the case, we argue that the surface boundary contour information should have a significant impact on binocular rivalry. This view, which influences our approach in studying binocular rivalry, differs from most previous approaches that mainly focus on the impact of the surface features (e.g., gratings) enclosed within the boundary contours of the binocular rivalry stimulus.
The binocular rivalry stimulus in Fig. 1b shows the influence of the surface boundary contour on binocular rivalry (Ooi & He, 2003b . With free fusion of the two half-images, one perceives a stable vertical grating disk in front of a larger horizontal grating background (Frisby & Mayhew, 1978 ). This percept is dramatically different from that induced with the typical binocular rivalry stimulus in Fig. 1a . But this difference cannot be attributed to the local feature processes in the primary visual cortex because both stimuli carry conflicting local features (orthogonal orientation) in the middle region. Rather, a likely explanation is that the visual system has a preference to select the image defined by the monocular boundary contour (MBC) for perception, i.e., the vertical grating disk in Fig. 1b , and suppress the corresponding image in the fellow eye (Ooi & He, 2006) . Fig. 2b illustrates a possible 3-D scene correlate of the MBC-rivalry stimulus in Fig. 1b . It shows that the visual system represents the half-image with the MBC as an occluding surface in close proximity to one eye.
In contrast to the MBC-rivalry stimulus, the typical binocular rivalry stimulus has a boundary contour defining the grating-disk of each half-image. Thus, with fusion of the right and left half-images, the boundary contours are combined as a pair of binocular boundary contour (BBC). Once the visual system forms the BCC it fills in the features (grating texture) to represent the 3-D surface. If the two half-images have conflicting local feature information, as in the typical binocular rivalry stimulus, the visual system selects the feature from one half-image to fill-in. This explanation has some empirical support. Ooi and He (2006) found that when the MBC-rivalry stimulus was modified to become a BBC-rivalry stimulus without changing its simple feature information, perception becomes similar to that induced with the typical binocular rivalry display.
To further understand the contribution of surface boundary contour to binocular suppression, the goal of this paper is to investigate how the strength of the boundary contour quantitatively affects binocular rivalry. As discussed above, for the BBC-rivalry stimulus, the visual system has to compete for one of the two half-images to fill-in the circular area enclosed by the BBC. What is the selection criterion, or the factor biasing the selection, during the competition? Historically, studies of binocular rivalry have mainly concentrated on the contribution of the contour/edge (e.g., Breese, 1899 Breese, , 1909 Hering, 1879 Hering, /1942 Levelt, 1965) . The definition of the ''contour" has evolved over the decades, largely due to advancing knowledge of how the visual system represents visual surfaces (e.g., Grossberg & Mingolla, 1985; Nakayama, He & Shimojo, 1995; von der Heydt, 1994) . A texture surface has a boundary contour that is the border of the surface, while the luminance changes of the image (edges) within the surface is considered as the local surface feature. Furthermore, in some cases, there is uncertainty about whether a contour/edge can be taken as a boundary contour. For example, the outline of a circle (image) can be taken as a disk with its interior surface having the same luminance as the background. When this occurs, the circular outline is the surface boundary contour that has a clear border ownership assignment. However, a circular outline of an image can also be taken as a ring with its inside being empty, causing the contour to be treated as a line. Most past studies of binocular rivalry have not made the explicit distinction between surface feature and surface boundary contour in the stimuli used. For instance, a high contrast grating patch surrounded by a uniform background is said to have a stronger ''contour strength", and hence, is more likely to be selected for perception. This leads to the predominance of the high contrast grating during binocular rivalry. But in light of the recent understanding of visual surfaces, one can say that the grating patch has both high contrast energy (surface feature) and salient boundary contour (e.g., the right half-image of Fig. 11b ). Consequently, it is important to investigate whether boundary contour strength is a quantitative factor affecting the selection.
To answer the above question, the current study used the stimuli shown in Fig. 1c-g where we varied the phase-shift between a circular central area of the grating and the surrounding horizontal grating. A large phase-shift results in a more distinct (stronger) boundary contour. If the boundary contour strength is a factor determining rivalry predominance, the predominance of seeing the grating disk will increase with the magnitude of the phaseshift, that is, with the strength of the boundary contour. If this boundary-contour hypothesis is correct, then what kind of quantitative relationship exists between the predominance of the horizontal disk and the phase-shift? First, the graded increase hypothesis predicts that the predominance of seeing the horizontal grating disk increases with increasing phase-shift (boundary contour strength) between the grating disk and its surrounding grating. In other words, the boundary contour has a weighted contribution to the selection process in the binocular competition between the two half-images. Second, the all-or-none hypothesis predicts that the predominance of seeing the horizontal grating disk does not increase until its boundary contour strength reaches a certain threshold level. And once the threshold is reached, further increases in the boundary contour strength do not lead to anymore increase in the predominance. Thus, the relationship between the predominance of seeing the horizontal grating disk and the increasing phase-shift of the stimulus (c-g in Fig. 1 ) will resemble a step-function. That is, before the phase-shift reaches a putative threshold level, the vertical grating disk is dominant most of the time. When the phase-shift is at, or above, the putative threshold level, the predominance of seeing the horizontal disk increases to a new value and stays at that value. Our first experiment tested these two hypotheses by measuring the rivalry perception of the binocular rivalry stimuli illustrated in Fig. 1 . We found that the predominance of seeing the horizontal grating disk changes gradually with the phase-shift of the horizontal grating, i.e., changes with the boundary contour strength, supporting the graded increase hypothesis.
We recognized that increasing the phase-shift in Fig. 1c -g not only strengthens the boundary contour of the horizontal grating disk but also increases the misalignment between the center and surrounding gratings. This misalignment can cause the central and surrounding areas to be seen as two distinct texture regions, and induce a center-surround interaction that acts as a factor affecting binocular rivalry (e.g., Fukuda & Blake, 1992; Ooi & He, 2006; Paffen, Alais, & Verstraten, 2005) . In the second Experiment below, we provided a thorough account of how the center-surround factor can potentially contribute to our findings in Experiment 1. Our data reveal that the center-surround factor has a smaller influence on binocular rivalry than the boundary contour factor.
2. Experiment 1: effect of boundary contour strength on binocular rivalry 2.1. Method
Observers
One author and four observers who were naïve to the purpose of the study participated in the experiment. All observers had normal or corrected-to-normal visual acuity (at least 20/20), normal color vision, and a stereoscopic resolution of 20 s of arc or better. Informed consent was obtained from the naïve observers before commencing the experiment.
Stimuli
A Macintosh G4 computer running Matlab and Psychophysics Toolbox was used to generate the visual stimuli, which was displayed on a 19-in. flat CRT computer monitor (Brainard, 1997; Pelli, 1997) . A head-and-chin rest stabilized the seated observer who viewed the monitor from a distance of 85 cm. A haploscopic mirror system attached to the head-and-chin rest aided fusion. Three types of stimulus conditions were tested: typical BR condition (Fig. 1a) , MBC condition (Fig. 1b) , and BBC condition ( Fig. 1c-g ). As will be explained below, the typical BR and MBC conditions had 1 stimulus each, while the BBC condition had five subsets of stimuli.
For the typical BR condition, the half-images comprised a horizontal grating disk and a vertical grating disk. The disk (diameter = 1°) in each half-image was displayed against a gray homogeneous square (35 cd/m 2 , 7.5°Â 7.5°). For the MBC condition, one half-image had a square display (7.5°Â 7.5°) filled with horizontal grating while the other half-image had the same horizontal grating square but with an additional vertical grating disk (diameter = 1°) located in the center of the display. For the BBC condition, we employed five different sets of stimuli, which were essentially modified from the MBC condition. Specifically, a horizontal grating disk was created in the MBC's half-image with the homogeneous horizontal grating, at a location corresponding to the half-image with the vertical grating disk. The horizontal grating disk was created by phase-shifting a circular region of the horizontal grating relative to the larger horizontal grating surround. Five different extents of spatial phase-shifts were employed (36°, 72°, 108°, 144°and 180°), resulting in five pairs of BBC stimuli. Both the vertical and horizontal gratings employed in the stimuli above were square-wave with 5 cpd spatial frequency, 86% luminance contrast and 35 cd/m 2 mean luminance. Each stimulus was displayed against a larger homogeneous background (5 cd/ m 2 ). The half-image with the vertical grating disk was always presented to the observer's non-dominant eye. A pair of nonius fixation target (0.4°, 35 cd/m 2 ) was presented against the 5 cd/m 2 background before each trial to ensure accurate eye alignment. A checkerboard mask (5 cpd, 7.5°Â 7.5°, 35 cd/m 2 and 86% luminance contrast) was presented at the end of each trial.
Procedure
Each observer was tested in four separate experimental blocks. One block comprised 49 trials [7 (repeats) Â 7 (1 stimulus from the typical BR condition + 1 stimulus from the MBC condition + 5 stimuli from the BBC condition)]. The sequence of stimulus presentation within a block was counterbalanced for each observer using the Latin square design. To prepare for a trial, the observer first fixated at the nonius fixation target. He/she then pressed the space bar of the computer keyboard to trigger the presentation of a binocular rivalry stimulus on the computer screen for 30 s. The observer's task was to track his/her binocular rivalry perception, which could be vertical, horizontal or piecemeal grating, and to report the instantaneous percept by pressing one of three keys on the computer keyboard. At the end of the 30 s trial, a 1 s checkerboard mask appeared to replace the stimulus, followed by a 10 s black screen that provided a brief pause in between trials. After this, the fixation was presented again, indicating to the observer that he/she could begin the next trial. A 2 min break was given after every 7 trials in the block.
Data analysis
We calculated the binocular rivalry predominance, dominance duration and alternation frequency following the methods commonly used in the literature (e.g., Ooi & He, 2006) . It should be pointed out that in the data graphs (Fig. 4) , we plotted the duration vs. phase-shift results using the original durations. However, when performing statistical analysis of the duration results, we also used each observer's normalized duration that is defined as the original binocular rivalry duration divided by the maximum binocular rivalry duration of the observer for that condition. This is because we found large individual differences among the observers' dominance duration.
We observed an interesting trend in our data. It appears that over the 30 s observation period of a trial, the first dominance duration of a given percept tends to be longer than the subsequent dominance durations of the same percept as the rivalry alternation ensues. We call this the response order effect. To understand this order effect, we conducted an analysis to reveal the effect of consecutive dominance percepts on the dominance duration. This is performed by pooling the observers' consecutive dominance durations for each common alternation sequence. But while performing the analysis of the dominance duration for the 30 s observation period for the MBC condition, we encountered a limitation due to individual difference. One observer did not make any horizontal response and consequently we could only analyze the data from the remaining four observers. Among these four observers, there are differences in the maximum order of the number of reported percepts within the observation period. For example, for the horizontal grating percept in the MBC condition, the number of times the four observers reported seeing it were 3, 4, 5, and 3, respectively. Thus, we first found the highest order (Max-N) that all four observers made (3, in this example), and then performed statistical analysis on the response durations up to Max-N. The same analysis was conducted on the data from the typical BR and BBC conditions. Please refer to Table 1 for the Max-Ns and the number of observers' data used in each condition. We conducted separate statistical analyses using the raw data and normalized data. Fig. 3 illustrates the frequency-duration histograms of a representative naïve observer in all three conditions (typical BR, MBC and BBC). For the MBC condition, the histogram of seeing the vertical grating disk (black line) is rather broad whereas the histogram distribution of seeing the horizontal grating (light gray line) hovers around the short duration region. This is in contrast to the results obtained from the typical BR condition where the two histograms overlap. These results confirm those found in the previous study by Ooi and He (2006) . With increasing phase-shift in the BBC condition, the histogram of seeing the vertical grating disk skews toward the short duration as the histogram of seeing the horizontal grating expands toward the long duration. This indicates that the predominance of seeing the horizontal grating disk increases with the phase-shift, i.e., with increasing boundary contour strength.
Results and discussion
To characterize the effect of phase-shift, we plotted the average predominance, dominance duration and binocular rivalry alternation frequency as a function of the phase-shift of the horizontal grating (Fig. 4) . . Both the predominance functions change gradually with the phase-shift, rather than abruptly with a step function. This confirms the prediction that the boundary contour has a weighted contribution to the selection process in the binocular competition between the two half-images (graded increase hypothesis). As for the predominance of the piecemeal percept, we observed a moderate effect of phase-shift on predominance [F(5, 20) = 4.034, p < 0.025; one-way ANOVA with repeated measures].
The average dominance duration results shown in Fig. 4b are quite similar to the predominance results (Fig. 4a) . The dominance duration of seeing the horizontal grating increases significantly with increasing phase-shift [F(5, 20 Given the large individual difference in the average duration data in Fig. 4b , we also performed the same statistical analysis on the normalized data (described in Section 2.3). We found F(5, 20) = 9.473, p < 0.001 for seeing the horizontal grating; F(5, 20) = 19.016, p < 0.001 for seeing the vertical grating disk; and F(5, 20) = 3.448, p = 0.021 for seeing piecemeal. Table 1 The table tabulates the results of the statistical analysis on the data in Experiment 1, Fig. 5 (one-way ANOVA with repeated measures). Max-N is the maximum order of the number of reported percepts within an observation period. Number of observers refers to the number of observers whose data were used for the statistical analysis. The analysis was performed using both the raw and normalized data (shown in parentheses). We noticed that over the 30 s observation period of each trial the consecutive dominance percepts of the same image, say of the vertical disk, have a tendency to reduce in dominance duration. In other words, within an observation period and for a given percept, the dominance duration of that percept perceived at the Nth-time is shorter than the dominance duration perceived at the (N À 1)th-time. To illustrate this response order effect, we plotted the durations of reporting each dominant percept according to its response order over the entire 30 s observation period (Fig. 5) . Clearly, for both the vertical and horizontal disk percepts, there is a tendency for the dominance durations to decrease with the response order (N) in all three conditions (typical BR, MBC and BBC conditions), i.e., the binocular rivalry alternation rate increases. This order effect is particularly strong for the vertical grating percept in the MBC and BBC-36 phase-shift conditions (Fig. 5) , which may be related to the longer duration of seeing the vertical grating compared to that of seeing the horizontal grating (Fig. 4) . As will be seen, the data from our control experiment are consistent with this proposition. Table 1 shows the ANOVA results for the raw data, and the normalized data (in parentheses) for each stimulus condition. Notably, this order effect finding appears to be opposite to what one would expect from the effect of contrast adaptation, which reduces the alternation rate when tested with the typical binocular rivalry stimuli (Lehky, 1995; Suzuki & Grabowecky, 2002 . On the other hand, we believe the impact of contrast adaptation (Blake, Tadin, Sobel, Raissian, & Chong, 2006) in our study was likely to be small since we used high contrast (86%) grating stimuli. We speculate that the apparent difference could be related to three possible factors. The first factor is that the order effect becomes salient when there is a large dominance duration difference between the two half-images, and is only found for the ''stronger" half-image. It could be that others did not previously report a similar order effect because the dominance duration difference between the two half-images in previous studies was not very large. Second, since previous researchers averaged the dominance durations resulting from both half-images in their data analysis, their results might not exhibit a significant order effect, as we found that the dominance duration from the weaker half-image shows little order effect. The third factor is stimulus difference. shapes as their stimuli (unlike our grating stimuli), which might have induced a high-level shape adaptation effect.
Condition

Experiment 2: boundary contour vs. center-surround effect
We have hypothesized that for the MBC-rivalry stimulus (Fig. 1b) , the strong predominance of the vertical grating disk in the right half-image is due to its MBC (Ooi & He, 2005 . But there is another potential factor that is related to orientation difference. Specifically, for the left half-image, because the central and surrounding areas corresponding to the right half-image have the same horizontal orientation, the surrounding area can impose an inhibition on the central area. In contrast, for the right half-image, the orthogonal orientation between the central (disk) and surrounding areas can cause a facilitation of the central area (Allman, Miezin, & McGuinness, 1985; Jones, Wang, & Sillito, 2002; Li & Li, 1994; Polat & Sagi, 1993; Yu, Klein, & Levi, 2003) . Consequently, the central vertical grating disk area in the right half-image is expected to have an advantage over the corresponding central area in the left half-image. There have been observations showing that such a center-surround interaction can affect binocular rivalry (e.g., Fukuda & Blake, 1992; Ooi & He, 2006; Paffen et al., 2005) .
The results of Experiment 1 that strengthening the boundary contour of the horizontal grating disk increases its predominance during binocular rivalry counter the alternative explanation based on the center-surround interaction. Note that in Experiment 1 (Fig. 1c-g ), the central and surrounding gratings in the left half-image have the same (horizontal) orientation, yet their boundary contour strength can overcome that of the right half-image with the orthogonal center-surround grating orientation. In particular, for the display with 180°phase-shift, the predominance of the right half-image is similar to that of the left half-image (Fig. 4) .
Still, it could be argued that the center-surround interaction is not limited to grating orientation. It is possible that the relative phase-shift between the central and surrounding horizontal gratings could itself create a center-surround interaction factor to enhance the predominance of the central horizontal disk. This is because besides strengthening the boundary contour, increasing the phase-shift between the central and surrounding horizontal gratings enhances the perceptual segregation between the central and surrounding areas. This could lead to a decrease in the surround suppression on the central area. To rule out this explanation, our second experiment below inserted a gray ring onto the rim of the horizontal grating disk (left half-images in Fig. 6b-e) . Since the gray ring is treated as a boundary contour, varying the phase-shift between the central and surrounding gratings mainly changes the putative center-surround interaction but has little impact on the boundary contour strength. Thus, the center-surround hypothesis predicts that the predominance of seeing the horizontal grating disk increases with phase-shift. In contrast, the boundary-contour hypothesis predicts no change in predominance. The experiment below tested these two predictions by measuring the observer's perception of the binocular rivalry displays illustrated in Fig. 6 . In addition, we conducted a control experiment to demonstrate the effect of boundary contour strength on binocular rivalry.
Method
4.1.1. Main experiment: varying center-surround with constant boundary contour factor 4.1.1.1. Observers. One author and four new observers who were naïve to the purpose of the study participated. All observers had normal or corrected-to-normal visual acuity (at least 20/20), normal color vision, and a stereoscopic resolution of 20 s of arc or better. Informed consent was obtained from the naïve observers before commencing the experiment.
4.1.1.2. Stimuli. The stimulus setup was the same as in Experiment 1, except a Macintosh MacPro instead of Macintosh G4 was used to generate the stimulus. We tested both the MBC and BBC conditions. Whereas the MBC condition was the same as that in Experiment 1, the BBC condition (comprising four subsets of stimuli) was modified. Specifically, the half-image with the vertical disk remained the same but the half-image with the phase-shifted horizontal disk had a gray ring (width = 0.0395°, luminance = 35 cd/m 2 ) added onto the rim of the horizontal grating disk. Four pairs of BBC stimuli with various degrees of phase-shifts were used (0°, 36°, 72°and 180°). (With 0°phase-shift, the BBC stimulus was essentially an MBC stimulus with a gray ring added to the halfimage with the homogeneous horizontal grating.) All other aspects of the stimulus parameters were the same as in Experiment 1.
Procedure
Each observer was tested in five separate experimental blocks. Each block comprised 25 trials [5 (repeats) Â 5 (1 stimulus from the MBC condition + 4 stimuli from the BBC condition)]. Within a block of trials, the observer was given a 2 min break after every 5 trials. The instructions to the observers were the same as in Experiment 1.
Control experiment: varying boundary contour with constant center-surround factor
The stimuli were the same as those in the main experiment above except for the following modifications: (1) three levels of ring (boundary contour) luminance (black = 5; gray = 35; white = 65 cd/m 2 ) were used; (2) three phase-shifts (0°, 72°, 180°) of the BBC stimuli were selected to be tested; and (3) except for the vertical grating disk whose contrast was 86%, the remaining grating components of the stimulus were reduced to 57%. Keeping the contrast of the vertical grating disk relatively high enabled us to fully reveal the effect of the ring strength on binocular rivalry. Fig. 8 shows three BBC stimuli with different ring strengths and 180°B phase-shift horizontal disk. The experimental procedure was similar to that in the main experiment. One author and two new naïve observers with normal vision and informed consent participated in the experiment.
Results and discussion
5.1. Main experiment: varying center-surround with constant boundary contour factor Fig. 7a plots the average predominance of perceiving exclusive vertical grating disk (black squares), horizontal grating disk (light gray circles), and piecemeal percepts (dark gray triangles). For the MBC condition, the predominance of seeing the vertical grating disk is significantly higher than the predominance of seeing the horizontal grating disk [t(4) = 18.958, p < 0.001]. For the stimuli with inserted gray rings (BBC condition), the predominance of seeing the vertical grating disk is reduced to the predominance level of seeing the horizontal grating disk. And, most importantly, there is no significant increase in predominance of the horizontal grating disk with increasing phase-shift [main effect of grating orientation, F(1, 4) = 0.186, p = 0.688; main effect of phase-shift, F(3, 12) = 2.790, p = 0.086; interaction effect, F(3, 12) = 2.126, p = 0.150; twoway ANOVA with repeated measures]. This indicates that in the presence of a constant boundary contour (gray ring), the centersurround interaction due to the phase-shift has little impact on binocular rivalry. As for the predominance of the piecemeal percept, the effect of increasing phase-shift is not significant [F(3, 12) = 2.836, p = 0.083; one-way ANOVA with repeated measures].
The average dominance duration results (Fig. 7b) exhibit a similar trend as the predominance results. For the MBC condition, the dominance duration is significantly longer for seeing the vertical grating disk than for seeing the horizontal grating disk [t(4) = 3.026, p = 0.039]. But for the stimuli with the gray rings (BBC condition), the dominance durations for perceiving the vertical and horizontal grating disks are not significantly different and they do not vary with phase-shift [main effect of grating orientation, F(1, 4)=0.022, p = 0.889; main effect of phase-shift, F(3, 12) = 3.251, p = 0.060; interaction effect, F(3, 12) = 1.652, p = 0.230; two-way ANOVA with repeated measures]. The dominance duration for the piecemeal percept also does not vary significantly with phase-shift [F(3, 12) = 2.212, p = 0.139; one-way ANOVA with repeated measures].
The frequency of seeing the vertical grating disk is higher than the frequency of seeing the horizontal grating in the MBC condition [t(4) = 3.652, p = 0.022]. For the BBC condition, the frequencies of seeing the vertical and horizontal gratings have a small but significant difference, although they do not vary significantly with phase-shift [main effect of grating orientation F(1, 4) = 29.120, p = 0.006; main effect of phase-shift, F(3, 12) = 3.039, p = 0.071; interaction effect, F(3, 12) = 0.571, p = 0.645; two-way ANOVA with repeated measures]. The frequency of seeing the piecemeal percept remains constant regardless of phase-shifts in the BBC condition [F(3, 12) = 0.801, p = 0.517; one-way ANOVA with repeated measures].
As in Experiment 1, we performed data analysis to reveal the order effect on the dominance duration. We found a large order effect only in the MBC condition. Applying the two-way ANOVA with repeated measures, we found that for the vertical grating percept, p = 0.067 when analyzed with the raw data, and p = 0.008 when analyzed with the normalized data. For the horizontal grating percept, p = 0.295 with the raw data, and p = 0.256 with the normalized data. The remaining stimulus conditions exhibited relatively small order effect. This finding is consistent with our observation in Experiment 1 that the order effect is evident when there exists a large dominance duration difference between the two half-images.
Overall, we found that when the boundary contour has a constant strength, there is no observable effect of center-surround interaction on the predominance of the central grating disk. This finding supports our explanation that the measured outcomes of binocular rivalry in Experiment 1 above are caused by changes in the boundary contour strength.
Control experiment: varying boundary contour with constant center-surround factor
To further support the conclusion that the center-surround interaction due to the phase-shift is much less effective than the boundary contour strength in our stimuli, the present control experiment showed that varying the boundary contour strength alone influences binocular rivalry. The reader can free-fuse Fig. 8 (180°phase-shift stimuli) to qualitatively experience how ring strength affects perception. One will find that the predominance of seeing the horizontal grating disk is relatively high when the ring is either black or white, than when it is gray (mean luminance). This is because the boundary contour strength of the horizontal grating disk with the gray ring is weaker. Fig. 9 plots the average results (n = 3). The average predominance results of the three percepts (top row) change with ring intensity [main effect of the percepts: F(2, 4) = 13.073, p = 0.018; interaction effect of percept x ring-intensity: F(4, 8) = 19.287, p < 0.001; three-way ANOVA with repeated measures], but only vary moderately with phase-shift [F(2, 4) = 5.328, p = 0.074]. Notably, for the gray ring (weak boundary contour) condition, the predominance of seeing the horizontal grating disk enclosed by the ring is lower than of that of seeing the vertical grating disk [F(1, 2) = 18.904, p = 0.049; two-way ANOVA with repeated measures]. In contrast, the differences in predominance almost disappear in the white ring and the black ring conditions (strong boundary contour). For both the white and black ring conditions, the predominance of seeing the horizontal grating disk is slightly higher than that of seeing the vertical grating disk [white ring: F(1, 2) = 0.545, p = 0.537; black ring condition: F(1, 2) = 5.592, p = 0.142, two-way ANOVA with repeated measures].
The average duration results in Fig. 9 (middle row) also show a similar trend as the predominance results. That is, the longer duration of seeing the vertical grating than seeing the horizontal grating is only found in the gray ring condition, although the standard error is quite large due to individual subject difference. We conducted three-way ANOVA with repeated measures (percepts Â ring-strength Â phase-shift) on the raw data and found none of the effect reaches the significance level of 0.05. But with normalized duration data, we found a significant main effect of the percept [F(2, 4) = 14.268, p = 0.015, three-way ANOVA with re- The average frequency data in Fig. 9 (bottom row) show lower alternation frequency in the gray ring condition than in the black and white ring conditions [F(2, 4) = 32.254, p = 0.003, three-way ANOVA with repeated measures]. The remaining main effect and interaction effect do not reach the significance level of 0.05. We also performed data analysis to reveal the response order effect. The average results are plotted in Fig. 10 , and the statistical analysis (ANOVA) of the raw data and normalized data (in parentheses) for each stimulus condition are tabulated in Table 2 . For the gray ring condition where the dominance duration of the vertical grating percept is longer than that of the horizontal grating percept, there is a large order effect for the vertical grating but not for the horizontal grating. On the other hand, for the black and white ring conditions, where the dominance duration of the horizontal grating percept is moderately stronger than that of the vertical grating percept, there is a small order effect for the horizontal grating. These observations, along with those of the two experiments above, demonstrate that an order effect occurs for the stronger half-image when there exists a large difference in dominance duration between the two half-images. It is as if the visual system attempts to achieve equal predominance between the two half-images as the trial ensues.
General discussion
In summary, our first experiment varied the boundary contour strength of a horizontal grating disk in one half-image by changing the phase-shift of its grating relative to that of its surrounding horizontal grating. We found that when this horizontal grating disk half-image rivals with a vertical grating disk half-image, the predominance of seeing the horizontal grating disk increases as its boundary contour strength increases. Thus our finding indicates that boundary contour strength is a quantitative factor affecting binocular rivalry. This finding is also consistent with the general notion that boundary contour plays an important role in binocular depth and surface perception (e.g., Grossberg, 1994; Kellman, Garrigan, & Shipley, 2005; McKee, 1983; Mitchison & McKee, 1987; Nakayama et al., 1995) . Then our second experiment showed that for the binocular rivalry displays used in our study, the impact of boundary contour strength on binocular rivalry is stronger than the impact of the center-surround interaction factor. Our findings support the graded increase hypothesis, which predicts that for the binocular boundary contour (BBC) rivalry display such as the typical binocular rivalry display, the boundary contour has a weighted contribution to the process that selects the image 6th  8th  10th  2nd  4th  6th  8th  10th   2nd  4th  6th  8th  10th  2nd  4th  6th  8th  10th  2nd  4th  6th  8th  10th   2nd  4th  6th  8th  10th  2nd  4th  6th  8th  10th  2nd  4th  6th  8th 10th Fig. 10 . Average results of Experiment 2 (control experiment) analyzed for dominance duration as a function of trial sequence. For the most part, only the gray ring condition exhibits a response order effect for the vertical grating percept. for the dominant percept. As mentioned in Section 1, Ooi and He (2006) hypothesized that the visual system processes the typical binocular rivalry display in a manner that reflects the 3-D surface layout (Fig. 2a) whereby the observer sees two spatially separated horizontal and vertical grating surfaces through a circular aperture.
The circular boundary contour of the aperture in each half-image is fused into a binocular boundary contour (BBC) when the two eyes fixate at the center of the aperture. From the BBC, the visual system represents the interior surface it encloses with surface feature information. It is possible that for homogeneous (texture-free) surfaces and grating surfaces, the visual system represents the interior surface using a filling-in process that begins at the area adjacent to the boundary contour and then spreads the surface representation inward (Cohen & Grossberg, 1984; Friedman, Zhou, & von der Heydt, 2003; Gerrits & Vendrik, 1970; Motoyoshi, 1999; Paradiso & Nakayama, 1991; Walls, 1954) . The surface feature filling-in process obtains a stable binocular surface representation if the corresponding images in the two eyes have similar features. However, the typical binocular rivalry displays present a challenge to the visual system as the corresponding images have dissimilar gratings. Confronted with this, the visual system selects one of the two feature representations to fill in the interior surface. We propose that at the initial stage of the filling-in process that occurs near the BBC, the monocular image (feature representation) with the stronger boundary contour is more likely to be selected in the binocular competition (Ooi & He, 2005; Su, Ooi, & He, 2007) . (This explains why the boundary contour strength is a factor determining the predominance of the BBC rivalry display.) Then, at a later stage of the filling-in process, i.e., when the surface feature has spread farther inward and away from the BBC, feature strength (grating contrast) becomes a larger factor determining whether the surface spread from the BBC can be completed as a global dominant surface. This is because in the local region removed from the boundary contour, the conflicting local features (orthogonal gratings) from the two eyes also compete for representation on the basis of their feature strengths (grating contrast). For a binocular rivalry half-image with a strong boundary contour but weak surface feature, there is a high chance for the weak surface feature to be represented at the initial filling-in stage. But the spreading will be halted at the later filling-in stage due to the weak feature strength. From the foregoing, we suggest that boundary contour strength and grating contrast (surface feature strength) separately contribute to binocular rivalry with perhaps the boundary contour being weighted more. Fig. 11a demonstrates this effect. The vertical grating disk in the left half-image has a lower luminance contrast than the horizontal grating in the right half-image. But when one freefuses this pair of half-images, one experiences a relatively stable percept of the vertical grating disk. This confirms that the boundary contour of the half-image with the vertical grating disk has a larger weighted contribution to the binocular rivalry dominance percept. However, by removing the horizontal grating surrounding the disk from each half-image, thereby making it a typical BR stimulus with BBC (Fig. 11b) , one experiences a higher binocular rivalry predominance of the horizontal grating disk with the higher grating contrast energy. We also created Fig. 11c where we have 135°o riented grating surrounding the two grating disks in Fig. 11b . Further, to equalize the boundary contour of the disks in the two halfimages, we made the relative contrast difference between the disk and the surrounding oblique grating the same in the two halfimages. Now, a higher grating contrast (surface feature) is the only advantage that the right grating disk has over the left grating disk. By free-fusing the two half-images (Fig. 11c) , one finds that the horizontal disk in the right half-image has a higher predominance. This suggests that with both half-images having boundary contours of similar weight, the surface feature factor (grating contrast) takes precedence in the selection of the dominant image. It is Table 2 The table tabulates the results of the statistical analysis on the data of Experiment 2's control experiment, Fig. 10 (one-way ANOVA with repeated measures). Max-N is the maximum order of the number of reported percepts within an observation period. Number of observers refers to the number of observers whose data were used for the statistical analysis. The analysis was performed using both the raw and normalized data (shown in parentheses). Condition Horizontal percept also noteworthy that the predominance of the horizontal grating disk in Fig. 11c appears to be less than that in Fig. 11b . This is because in the latter, the right horizontal grating disk is stronger in both grating contrast and boundary contour. Fig. 11d is modified from Fig. 11a , with the addition of circular boundary contour in each half-image. Fig. 11e has the horizontal grating of the disk phase-shifted relative to its surrounding grating. With the same BBC in both Fig. 11d and e, one experiences similar binocular rivalry percepts, underscoring the contribution of the boundary contour information.
